Abstract-The purpose of this paper is to present a protocol of inverted drop-tests using a 50th percentile Hybrid III Anthropomorphic Test Device (ATD) and investigate the influence of angle and velocity at impact on neck injury risk assessment. The tests were based on existing cadaveric experimental protocols for inverted seated positions. In this study selected ATD impact orientations were also assessed in both the sagittal and coronal planes. Twenty-six tests were performed at impact velocities from 1.4 to 3.1 m s
INTRODUCTION
Biomechanical research on impact injury mechanisms, human tolerance, dynamic responses, and anthropomorphic test devices (ATD) is fundamental to the design and performance specifications for occupant safety systems and crashworthy vehicles. This paper focuses on ATD use in the assessment of rollover vehicle crashworthiness. Vehicle rollover crashes remain a major concern internationally because of the associated head and neck injury risks, and resultant impairment to both the ejected and contained occupant. 6, 14 The Hybrid III ATD has been used in a range of rollover crashworthiness tests by researchers to assess neck injury risks to contained occupants, even though it was designed for frontal impacts. 2, 3, 8, 9, 11, 13, 20, 28, 32, 35 Most of these tests have used the ATD's upper neck axial force as an indicator of neck injury risk. Research on neck biomechanics has shown that compressive failure of the neck is dependent on its loading mode 21 and that it will be exacerbated by out-of-the-plane components. 26, 38 Complex loading modes are present in a rollover crash due to the combination of roof structure failure, lateral vehicle velocity component prior to rollover and occupant kinematics. 6, 28 Although the Hybrid III's behavior has been evaluated in a range of axial loading conditions, 5, 10, 16, 18, 23, 27, 29, [32] [33] [34] 39 none has quantified the influence of the impact boundary conditions that arise in combination in rollovers: velocity, coronal plane, and sagittal plane orientations.
The aims of the study were to: (1) develop an impact test representing an inverted occupant in a rollover crash suitable for assessing ATD performance; and (2) assess the biofidelic characteristics of the Hybrid III ATD systematically in inverted drop tests. The focus of the second aim was the ATD's sensitivity to impact velocity and impact angle, on the upper and lower neck load measures and N ij .
METHODS

Drop-rig and ATD
A rigid steel frame was built to support and guide the ATD during the impact tests (Fig. 1) . The frame was guided in vertical translation by linear bearings/rails each mounted on a steel column. The dummy was fitted to a standard 5-point safety harness and suspended on the frame by ropes in order to position and orient the ATD. The frame and ATD could be lifted and dropped simultaneously from a maximum effective drop-height of 1 m. During the resulting free fall drop, the ATD maintained its initial orientation to impact a padded load plate/anvil on its head. The frame continued to drop without interfering with the ATD's impact event and was finally stopped by aluminum honeycomb.
A calibrated male 50th percentile Hybrid III ATD (Denton ATD, Inc.) was used. A pedestrian pelvis was mounted on the dummy to allow modifying the hip joint angle. All joint resistances were set at 1 g.
Instrumentation and Data Acquisition
SAE recommended practice J211/1 rev. Mar 95 instrumentation and data acquisition standards were applied. The Hybrid III ATD was instrumented according to Part 572E and allowed for the measurement of three linear accelerations at the ATD's head center of gravity (CG), six upper neck forces and moments, six lower neck forces and moments and three linear accelerations in the thorax. Three 9331B (Kistler AG) force transducers were mounted between the padded load plate and the anvil. The anvil was fixed rigidly at the required location over a hardened concrete floor pit. The padding consisted of 2.54 cm (1 inch) thick Ensolite Ò foam (Gaska Tape (Australia) Pty Ltd.). Signals were conditioned and acquired at 20,000 Hz using a TDASPro data acquisition system (Diversified Technical Systems, Inc.) and later resampled at 10,000 Hz.
Depending on the test series, one or two high-speed cameras (VisionResearch, Inc.-Phantom v4.0/v4.1/ v4.3, 512 9 512 pixels at 1000 fps) recorded the impacts in the coronal and/or sagittal plane of the dummy. Both cameras and data acquisition were triggered simultaneously by a photoelectric sensor.
Upper neck moments were corrected according to Part 572E and the N ij was calculated for each test. The N ij(C7/T1) as proposed by Mertz et al. 19 was calculated for the lower neck. Statistical treatment of the data was performed using the statistical software SPSS v15 (SPSS Inc.). Statistical significance for correlation between variables was assessed using Spearman's test and measured against the level a < 0.01.
Test Protocol
The ATD's neck was used as a reference for the orientation of the whole ATD. Angles were measured between the neck and the vertical using an inclinometer. The notation (flexion/extension angle, lateral angle) was used to describe a test configuration. The (0,0) configuration corresponded to the reference condition where the ATD's neck was vertical. Other configurations are described in Fig. 1 . In all tests, the ATD's arms were strapped to its thorax and the legs were strapped together at thigh and calf levels. In all tests but two, the legs were horizontal.
The test matrix is presented in Table 1 . Twenty-six tests were planned, at impact speeds between 1.4 and 3.1 m s À1 . The ATD was positioned to achieve the target impact speed by using a ruler and a 10 cm foam block was used as a positioning device for the 1.4 m s À1 tests. The impact velocity range was selected to reflect realistic dynamic roof crush intrusion velocities in rollovers 4, 9 and be comparable with cadaver and volunteer tests, both for non-injury 10, 26 and injury cases 17, 26, 37 up to 4.1 m s À1 . Because of the ATD's lower neck load cells' limited safe operating range, the tests were restricted to a maximum velocity of 3.1 m s À1 . PVC adhesive tape was taped on both the dummy's head and the foam pad to protect the pads from being damaged during the contact, and in an attempt to reduce both possible high friction and encapsulating effects of the foam on the head. Tests were also carried out without the tape as a comparison. After each test all data including videos were reviewed. Based on this first review, one test (Test 3b) was discarded because the pad had detached from the load plate during the impact. A full re-calibration of the dummy was performed after tests 5 and 15.
RESULTS
In total 26 tests were conducted of which 25 tests were assessed as valid. The actual orientations and impact speeds were compared with the target using high speed video and were observed to be very similar.
When assessed with available video footage, the impact angles were within 5°of the target angle in all but five cases. In tests 6b, 7, 16, and 20 the error were, respectively, À6°, À7°, À5.5°, and À7°from the intended sagittal angle. In test 14 there was an error estimated to be À13.5°. This resulted in the exclusion of test 14 from the analysis of impact angle. In the sagittal plane, and after exclusion of test 14, the average error was À2.3 ± 3.3°from the target angle. When initially in a straight or flexed configuration, the dummy had a tendency to move into extension (resp. À3.0 ± 2.5°and À3.7 ± 3.5°difference to target angle) during guided free-fall. The ATD's position was well maintained for configurations in extension (0.6 ± 2.6°difference to target angle). In its coronal plane, the dummy remained in its vertical target orientation (0.9 ± 1.5°difference to target angle). The ATD moved towards a vertical orientation when positioned in a lateral configuration (À1.7 ± 2.0°dif-ference to target angle).
Sixteen tests were identified with good quality high speed videos and minimal parallax error. The actual impact velocity was calculated over the five frames prior to contact with the pad, by tracking known targets on the dummy's head. The average difference as a proportion of the actual to the target velocity was estimated at 3.0 ± 2.5%. For the 1.4 m s À1 tests (12 videos assessed), the coefficient of variation of the actual velocity was 3%.
The main peak ATD outputs are presented in Tables 2 and 3 , and Fig. 2 presents the associated sign conventions. Repeatability was assessed by comparing tests 13 and 13b. Signal time-histories, including the head and thorax accelerations were identical in shape (see Fig. 3 ), and the average ratio of the difference In test 21, due to the stiffness of the dummy, it was not possible to keep the legs horizontal. An angle of about 10 degrees up was measured. between meaningful peak ATD neck outputs in tests 13 and 13b (excluding low level or lateral outputs in that case) was 10.1 ± 4.7%. Consistent orientation dependent ATD behavior was observed. When the dummy was in a slight or moderate initial positive flexion orientation, i.e., configurations (15,0) or (30,0), the head was unable to 'escape' the path of the falling torso in the first phase of the impact, resulting in an initial s-shaped bending of the neck, where the upper neck was in extension and the lower neck in flexion (Fig. 4a) . In the second phase, the movement of the head-neck-torso complex changed to a flexion bending mode of the neck until the shoulders reached ground level. This phase resulted in combined high flexion bending moments and high antero-posterior shear forces at the dummy's lower neck level. In the (45,0) configuration, there appeared to be no initial s-shaped neck phase, although initial upper neck extension moments remained high. Configuration (15,15) presented a behavior that was similar to (15,0) but significantly influenced by the added lateral angle, the head and neck being trapped in an outof-the plane twisted motion (Fig. 4c) . When the dummy was in the reference configuration (0,0) or in an extension configuration ((À15,0) or (À30,0)), the neck remained relatively straight and the dummy rebounded (Fig. 4b) . In the lateral orientation configurations (0,15), (0,30), or (À15,15), a minor short duration lateral s-shape was observed, followed by a phase during which the head and neck rapidly extended back to neutral.
The possible influence of the contact characteristics was assessed by comparing all outputs from the 1.4 m s À1 impacts performed with the PVC tape to those equivalent without the tape. For tests with an initial 30 degrees impact angle in any direction, results obtained when using the tape were slightly lower (Wilcoxon's paired signed rank test p = 0.002) than their bare-foam counterparts. Non-significant differences were found for impact configurations with less initial angle. Neck force maxima were strongly influenced by the initial orientation of the dummy and velocity. For example, peak upper neck axial forces (ÀFz) as different as 1591 and 4351 N were found for tests 21 and 6b, both 1.4 m s À1 impacts in, respectively, the (45,0) and (0,0) configurations. For the 25 tests, there was a significant correlation between same components of the force at upper and lower neck levels. High shear forces, both in the sagittal and coronal planes, were measured at both neck levels, which were consistent with the expected loads from the impact configurations.
Upper neck moment maxima were less consistent than the force maxima with regard to impact orientation. The upper neck flexion/extension moment maximum was sensitive to small changes in orientation around the reference configuration (Fig. 6a) and appeared therefore not to correlate with impact velocity in this case (see tests 6b/15 results). No correlation existed between upper and lower neck moment maxima (Fig. 6b) .
When an initial s-shape occurred, an upper neck moment maximum was associated with a maximum at the lower neck counterpart, but of opposite sign. This was observed in both the sagittal and coronal planes. Regardless of the impact angle, lower neck extension moments were minimal for all configurations and impact velocities tested. Comparatively, high (>1101 N m at 2.62 m s À1 ) upper neck extension In terms of timing, upper neck moment maxima occurred during the first phase of the impact and were associated with the peak compressive forces. Peak lower neck moments generally occurred during the same first phase of the impact. High lower neck moments, of the same magnitude, were also recorded in the second phase, e.g., when the chin rotated toward the torso in configurations with more than 15 degrees of initial ATD flexion. There was a significant correlation between the N ij and N ij (C7-T1) . However, this was not the case when comparing the N CE or N CF separately between both neck levels.
DISCUSSION
Twenty-six drop tests were performed using an inverted 50th percentile male Hybrid III ATD at impact speeds and orientations selected to represent occupant loading in rollover crashes and historical cadaver test configurations. First, study limitations will be discussed.
Drop-rig and Test Protocol
Inverted drop-tests were chosen as a method to investigate the behavior of the ATD in superior-inferior impacts. As opposed to, e.g., pendulum or impactor type protocols, this setup was chosen as its reference configuration replicated closely historical cadaveric drop-tests. In particular, any possible differences in the full dummy behavior, its constraints, or in the effective masses involved in the impact, which could have resulted from using a horizontal setup, were expected to be minimized. An experimental setup was designed, that allowed the dummy to be in free fall at the moment of impact, while its configuration was controlled during guided free-drop. At 1.4 m s À1 , and for a given impact configuration (À30,0), the drop rig operated to provide repeatable impacts. Due to the availability of the dummy and impact laboratory, it was not possible to include additional tests aimed specifically at assessing the repeatability of the test environment. In our test-series, the protocol used to position the dummy was the same for all tests. Moreover, the repeatability of the dummy head/neck/torso and of its measurements in axial impact conditions had been shown to be good in a previous study. 18 Even so, it is acknowledged that the potential remained for the repeatability to be degraded at higher drop-heights or for other configurations. The impact velocity was achieved by a precise positioning of the dummy at a given drop-height. The estimated actual impact and target velocities were close. However, for the 1.4 m s À1 tests it was estimated that the measurement error could potentially reach the same order of magnitude as the true difference between actual and target velocities due to camera resolution.
A factor that appeared more difficult to control was the actual impact angle, as compared to the target. The measured impact angles were all within five degrees of the target in the dummy's coronal plane and in most of the cases in its sagittal plane. In the five tests were this value was exceeded, slight movement of the dummy was apparent during the free fall, possibly due to a combination of rope tension relaxation and slip/stick effects within the dummy's joints. For this reason, one test (test 14) was excluded from the analysis. These differences are small, and inherent to the experimental protocol chosen, but it is acknowledged that the precise impact configuration influences the ATD's responses. Nevertheless, the analysis presented in the results section with regards to target impact configurations was still relevant, considering the 15 degree interval chosen between each impact angle. To provide the opportunity to quantify the influence of impact orientation on ATD responses while accounting for these perturbations, the quantitative results were presented by taking into account and adding the relevant average perturbation plus one standard deviation to the intended impact angle (Figs. 5 and 6) . A similar correction can be applied to consider other outputs.
Comparison with the Literature
Peak impact and neck forces were compared to results from similar Hybrid III studies (Fig. 7) . The results from the (0,0) configuration (Test 14 excluded) show a comparable trend line to published results with the same positioning of the dummy. 32, 34 The average ratio between peak load cell force and lower neck axial force was 1.11 ± 0.08 for all tests. This compared well with the values reported by Pintar et al. or Sances et al. 29, 34 for the impact velocities considered in this study, and was consistent with an attenuation of the first, short duration part of the head/neck loading due to the padding. 31 Some of the biofidelity issues of the Hybrid III have been presented and discussed before, 12 related to its high combined head/neck/torso stiffness. In a drop-test setup similar to our reference or (15,0) configuration, 10 a human volunteer's neck flexed, and its head escaped the torso loading path, whereas the Hybrid III neck did not. We observed that only in the 'flexion' configurations was the Hybrid III able to exhibit such significant flexion. In these configurations, and to a lesser extent in the lateral configuration, the dummy also exhibited an initial s-shape phase where the torso was significantly stopped. A similar behavior had been described in tests using full cadavers and cervical spine segments in axial loading, 24, 25, 37 or in FE simulations of head and neck in combined axial and lateral loading. 7 When induced by constraining the head in rotation in cervical spine segments, it was associated with Bilateral Facet Dislocation at the lower cervical spine level. 23 However, the ATD did not exhibit the bi-modal behavior sometimes observed in cadaveric segments, 24 as upper and lower neck force maxima occurred simultaneously, and did not present dynamic buckling or any higher order buckling shapes as reported by these authors. Figure 8 presents the peak impact forces compared to results from similar configuration cadaveric droptests in the sagittal plane. 26, 37 To draw this figure, each cadaveric impact force was normalized by the ratio between the ATD's and the cadaver bodyweight. The measured forces and predicted trends from the Hybrid III impacts are generally still higher than the impact forces obtained this way. The closest match between the Hybrid III and these cadaveric results was observed for the (30,0) flexion configuration, with a test series where the authors had restrained each cadavers' head in an attempt to model the neck behavior of a living subject. 37 It is expected that increasing the fixed flexion angle of the Hybrid III's lower neck plate would facilitate both a behavior and a relative initial positioning of the head/neck/thorax that are closer to the volunteer/cadaveric behaviors described above. This may also improve the ability of the dummy to model the risk of hyperflexion 31 by allowing the neck to flex earlier during the contact, and may reduce the stiff rebound observed in the extension impact configurations.
Influence of the Boundary Conditions
The comparison of tests performed with and without the PVC tape suggests that ATD neck forces and moments increase with the coefficient of friction. In these experiments differences were small and limited to cases where impact angles were high enough to induce significant friction loads.
The tests showed that the ATD's orientation at impact influenced both the dummy's responses and neck loads. Figure 5 summarizes results from all tests with PVC at 1.4 m s À1 and shows how an initial 30 degree angle in any direction from the reference resulted in a consistent, significant reduction of key parameters such as peak upper neck axial forces and N ij .
The position of the legs was also observed to influence neck loads. In test 6 the upper neck axial force reached 4208 N compared to 4941 N in test 1, where the dummy's legs were raised to 25 degrees from the horizontal. One very obvious consequence of this positioning on the video was that the whole head/neck/ torso complex stayed ''balanced'' and rebounded in a pure vertical movement when it hit the pad. In configurations 6 (or 6b), the legs continued with their downward movement as soon as the impact initiated. Due to the link and relative position of hip and pelvis joint, they directly transmitted the effect of their inertia to the torso as the impact continued. As a result, the dummy did not rebound purely vertically in these cases, and the effective mass contributing to the loading of the neck during the impact would have been less for tests 6/6b than for test 1.
Both these observations are important, as they confirm that a relationship between neck axial load and impact velocity is only repeatable for a given effective mass and a given impact configuration.
Coefficients of variation (CV) were calculated for each biomechanical parameter in all 1.4 m s À1 impact tests within 30 degrees of the reference orientation. The CV analysis showed that some parameters were less sensitive than others to the impact angle. The resultant head acceleration, the N ij and the load cell force were the least sensitive to changes in impact orientation within these limits. However, the N CE and N CF were not correlated between neck levels and, in the flexion configurations, the N ij resulted from high upper neck extension moments. Therefore using the N ij may allow a reasonable estimate of the impact severity, in terms of its energy, regardless of the impact angle. However, the N ij may not be representative of the actual injury mechanism, such as BFDs associated with a local compression-flexion mechanism at the lower cervical level.
Finally, a ranking of all PVC tests' outputs at 1.4 m s À1 suggests that multi-planar loadings of the dummy's head/neck complex, as obtained in configuration (15, 15) , will result in the highest combined neck loads. This observation compares well with those of Nusholtz et al. 26, 27 who reported that low severity impacts could produce severe damage in out-of-position, asymmetrical (i.e., head rotated and flexed) impact configurations. It is also interesting to notice that the N ij , in the contrary to the peak upper neck compressive force, appears to take the increased injury risk due to this configuration into account (see Fig. 5 ).
Considerations for Neck Injury Risk Assessment
Experimental cadaveric studies 1, 25, 30, 39 have shown that a small deviation of the applied load can have a significant influence on both the mechanism and severity of injury. A biofidelic ATD suitable for neck injury risk assessment should reflect the same response and sensitivity to boundary conditions as the human neck, and also be robust. To some extent, the Hybrid III is able to reproduce the compression-flexion behavior observed in volunteers and cadavers, including both 1st mode and 2nd mode (s-shape) bending of the neck. It also appears to be sensitive to multi-planar loads.
In a given impact configuration, McElhaney et al.
17
were able to link the impact velocity to the risk of cervical spine injury by reconstructing the boundary conditions associated with swimming pool injuries. Similarly, Mertz's et al.'s 18 had reconstructed injurious events from American Football impact, which form the basis of the current neck injury criterion in compression (e.g., FMVSS208 Peak compression) of 4000 N. Based on this and later work, 32,34 some attempts were made at linking the impact velocity to neck injury risk in inverted impacts. 22 Based on the observations presented in this paper, two different configurations could result in the same ATD upper neck axial force, but with different neck moments.
Furthermore, in the case of rollover, two similar roof intrusion velocities may result in different forces and moments at neck level, depending on the relative positioning of the roof/dummy as well as the resulting orientation of the impact load. This observation is consistent with conclusions made by Viano and Parenteau 36 in a review of cadaveric tests in axial impact. Therefore roof intrusion velocity on its own may be difficult to link with neck injury risk through measurement of the ATD's neck compressive force alone, unless the impact configuration can be ascertained and utilized.
High levels of lower neck flexion moment were found, for configurations close to the vertical reference. At 2.62 m s À1 the lower neck flexion moment Injury Assessment Reference Value (IARV) of 380 N m proposed by Mertz et al. 19 for the Mid Male ATD was exceeded for the (0,0) configuration. These moments occurred roughly at the same time as the peak axial force at both levels. Although they may not be representative of the lower levels at injury reached in a human neck in flexion, 31 lower neck moments in combination with axial force (or the use of the N ij(C7-T1) ) appear relevant to injury mechanisms located at the lower levels of the cervical spine, especially since these injuries have also been described to be associated with the main force pulse at T1 level in cadaveric experiments. 24 As for the lateral components measured in this study: the highest lateral shear force (984 N) was reached in the lateral (0,30) configuration at 3.1 m s À1 . Although this exceeds proposed low level injury thresholds to volunteers, 15 it is lower than the severe injury IARV proposed by Mertz et al. 19 at 3100 N. The same observation can be made regarding the dummy's peak lower neck shear force. Lateral neck bending moment IARVs have been proposed for the BioSID, EuroSID, and SID-HIII at 143 N m 19 for the upper neck, and at 286 N m for the lower neck. None of these levels was reached during these tests. It should be emphasized that these IARVs or injury thresholds are all assessed based on inertial loads, i.e., without head impact. Head impacts would exacerbate the injury risk and reduce the human neck injury tolerance level. In the light of the influence of out-of-the plane and combined loadings presented above, and as such lateral impact angles as 30 degrees can be expected in lateral rotation motion of the car associated with most rollovers, it appears that it would be important to include this assessment in the overall analysis of the neck injury risk. Because it is robust, reliable, and easily available, the Hybrid III ATD has been used so far in most attempts to perform rollover crashworthiness assessments. Using a dummy with an improved lateral head/neck/torso behavior including in its coronal plane may provide a more reliable behavior and measurements.
A neck injury criterion used in conjunction with the ATD should be able to model the risk associated with the main injury mechanisms. It is expected that the assessment of neck injury risk could be improved by including the lower neck flexion moment, and upper neck lateral flexion moment and shear forces, in combination with the upper neck axial force and flexion moment. However, at this stage, it appears that there is a crucial need for more data, either from experiments or from the real-life that would allow linking and correlating results from studies such as presented in this paper to experimental injury assessment. In particular, more information is needed on the specific influence of lateral angle and out-of-the-planes impacts on the risk of neck injury in compression.
To conclude, a reliable method was developed for testing ATD responses and biofidelity in rollover type impacts. The Hybrid III exhibited a first bending mode and a second s-shaped bending mode when it was dropped on its occiput. It rebounded without significant neck bending when dropped on its vertex or forehead. For a given impact velocity, all biomechanical parameters, including axial neck forces, measured during the drop-tests were significantly influenced by the impact orientation, including in particular lateral orientation. The N ij was sensitive to impact severity and less sensitive than other outputs to changes in orientation around a reference position. The combined use of the upper and lower neck moments provide opportunities to differentiate between loading modes and injury mechanisms. Further research is required to study these results in comparison to injury mechanisms and human tolerance limits.
